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Quantum antiferromagnet is of fundamental interest as it becomes a fertile ground for studying
exotic many-body states [1] including spin liquids [2] and high-temperature superconductors [3].
Compared with condensed matter systems, ultracold gases in optical lattices can be microscopically
engineered and provide a unique opportunity for exploring bosonic magnetism and spin dynamics
[4]. Here, we report on the creation of a one-dimensional Heisenberg antiferromagnet with ultracold
bosons. In a two-component Bose-Hubbard system, we switch the sign of the spin-exchange inter-
action and realize the isotropic antiferromagnetic Heisenberg model in an extended 70-site chain.
Starting from a low-entropy Ne´el-ordered state, the bosonic antiferromagnet is approached via an
optimized adiabatic passage. We probe the evolution of staggered magnetization and spin correla-
tions of the system, revealing the coherent establishment of the antiferromagnetism. Furthermore,
the characteristic spin-rotational symmetry of the state and its robustness against decoherence are
verified. Our experiment demonstrates a novel way for generating many-body spin correlations and
exploring exotic forms of magnetism.
For the origin of quantum magnetism in cold-atom sim-
ulator [4], the fundamental symmetry of the constituent
particles supports the general form of the spin-exchange
interactions, ferromagnetic for bosons and antiferromag-
netic for fermions [5]. Interestingly, the sign of the ex-
change interactions [6] and the motional degrees of free-
dom of atoms can be engineered by precisely controlling
a staggered lattice potential, resulting in antiferromag-
netic spin model for bosons. In recent years, antiferro-
magnetic spin correlations have been experimentally ob-
served in the fermionic quantum gases [7–13]. Compared
with fermionic atoms, besides the advantage of readily
achieved lower entropy in bosonic quantum gases [14],
the tunable intra- or inter-spins interactions lead to rich
phase diagrams [5, 15]. Additionally, bosonic atoms do
not suffer from the sign problem, enabling benchmarks
with numerical calculations, which at the current state
of quantum simulation in noisy intermediate-scale de-
vices without full fault-tolerance is crucial in order to
build trust into the results [16]. However, the bosonic
antiferrmagnet has not been realized. Making use of a
defect-free Mott insulator [14], one promising approach
to achieve the many-body state is via adiabatic trans-
formation [17, 18]. Experimental challenges lie in engi-
neering the Hamiltonian of two-component bosons in a
many-body system and maintaining adiabaticity during
the state preparation.
Here, we adiabatically prepare the one-dimensional
(1D) antiferromagnet following the lowest-energy pas-
sage of a Heisenberg spin Hamiltonian. First, a low-
entropy Mott insulator is obtained through our recently-
developed cooling method [14]. Second, we create a two-
... ...
Sweep
E
n
e
rg
y
 g
a
p
  
 
-1
0
1
2
3
Staggered magnetic potential 
- -1.0 -0.5 0.0 0.58
... ...
Heisenberg antiferromagnet
Neel order
FIG. 1: Adiabatic preparation of the Heisenberg antiferro-
magnet. We show energy levels of the model in the unit of
superexchange coupling, exemplified for a 10-site spin chain.
The ground-state passage starts from a Ne´el-order (circle
δs → −∞) to the highly-entangled Heisenberg antiferromag-
net with the SU(2) symmetry (star δs = 0).
component spin chain with Ne´el order by alternatively
addressing the atomic internal levels. On this basis, fig-
ure 1 shows that the target state can be approached by
sweeping an effective staggered field [19]. We benchmark
the implementation of an isotropic Heisenberg spin model
by measuring its universal behavior through quench dy-
namics. For adiabatically preparing the state, the many-
body coherence is observed via a dynamical revival of the
staggered magnetization. We characterize the antiferro-
magnet by measuring nearest- and next-nearest-neighbor
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2spin correlations. Furthermore, we investigate its spin-
rotational symmetry and the robustness against dissipa-
tion.
The two-component bosons in our state-dependent op-
tical superlattice can be well described by the Bose-
Hubbard Hamiltonian,
HˆBH =
∑
j
[
−
(
taˆ†j aˆj+1 + H.c.
)
+
U
2
nˆj(nˆj − 1)
]
+
∑
j,σ
[
(−1)j
2
(δ0 − δsσ)− j∆
]
nˆj,σ.
(1)
Here, aˆj is annihilation operator on site j, and nˆj = aˆ
†
j aˆj .
The spins {|↑〉 , |↓〉} are indexed by σ = {1,−1}. In our
controlling regime, the tunneling strengths t = t1,2 and
the on-site interaction U are almost spin-independent.
Figure 2a illustrates staggered energy biases between ad-
jacent sites, including a spin-independent term δ0 and
a spin-dependent offset δs. Additionally, a weak linear
potential is applied to the 1D chain, with ∆ δ0.
The general Hubbard model can be mapped onto a
Heisenberg-type spin model [5], where the antiferroma-
gentic interaction 4t2/U is assigned for fermions, while
the ferromagnetic interaction−4t2/U is for bosons. How-
ever, in the staggered spin-independent potential, the su-
perexchange coupling for bosons becomes −4t2U/(U2 −
δ20) [6]. To this end, we set U < δ0 to reverse the sign of
the superexchange coupling for these two types of links,
realizing the antiferromagnetic interaction with bosons
throughout the many-body chain. Meanwhile, this stag-
gered potential localizes static impurities and turns the
bosonic t−J model [3] into a spin model. Besides, we con-
trol the linear potential to unify the inter-well superex-
change couplings for those two links.
Therefore, in the regime of t1,2  U < δ0, our system
is described by the antiferromagnetic Heisenberg model
after applying the Schriffer-Wolf transformation [1].
Hˆ =
∑
j
[
JSˆj · Sˆj+1 + δs(−1)j+1Sˆzj
]
, (2)
where {Sˆj , Sˆzj } are spin-1/2 operators, and J represents
the superexchange coupling strength. The staggered
magnetic field originates from the spin-dependent term in
the Hamiltonian (1). For characterizing this N -site anti-
ferromagtism, the staggered magnetization is introduced
as, Mz = 1/N
∑
j(−1)j〈Sˆzj 〉.
When δs → −∞, the ground state of Hˆ is a Ne´el-
ordered state as |↑↓↑↓ · · ·〉, see Fig. 1. For this spin-
balanced system, the lowest excitation corresponds to
flipping an arbitrary spin pair, like |↓↑↑↓ · · ·〉. While
the opposite Ne´el order state, |↓↑↓↑ · · ·〉, represents the
ground state at δs → +∞. The ground state at
δs = 0 is our target antiferromagnet |ψAF 〉. This is a
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FIG. 2: Implementation of the many-body Heisenberg model.
(a) In a two-component Bose-Hubbard chain, we sketch all the
tunable parameters of the Hamiltonian (1). (b) Detection of
Mz. By flipping the spins of the odd sites, we record the
Mz of a state on two successive images, where a region of
interest (ROI) containing 70×36 sites is selected for analysis.
(c) Relaxation of the Ne´el-ordered state following a quench.
Measurements in various blue colors represent the evolution
of states at different coupling strength J . The solid curve
is the theoretical prediction of the quench dynamics. In the
inset, we show the spatial-resolved Mz averaged over the 36
copies. Error bars are the standard deviations throughout
this Letter.
highly-entangled many-body state, exhibiting zero Mz
but strong spin correlations. Due to the SU(2) symmetry
of Hˆ, this ground state naturally gains the spin-rotational
invariance. The ground and the first-excited states are
separated by a minimal energy gap of ∆ge ∝ J/N . The
state |ψAF 〉 can be approached by slowly sweeping the
δs from −∞ to 0, where the small energy gap and the
intrinsic heating [14, 20] impose limitations for the adia-
baticity.
The experiment begins with a 2D Mott insulator of
87Rb with an average unity-filling factor of 0.992(1), by
performing a recently developed cooling method [14].
The atoms are prepared in the hyperfine state |↓〉 ≡
|F = 1,mF = −1〉. We define the other pseudo-spin
component as |↑〉 ≡ |F = 2,mF = −2〉. Along the x-
axis, atoms are confined by a superlattice potential, as
V (x) = Vs cos
2(2pix/λs) − Vl cos2(pix/λs + θ). Here, the
wavelengths of short- and long-lattice lasers are λs =767
nm and 1534 nm. Vs,l are lattice depths and θ represents
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FIG. 3: Preparation and detection of antiferromagnet. (a) Evolution of Mz in the ROI. The blue curve is the theoretical
calculation for our spin model. The ramping curves of δs/J is plotted in the upper-left inset. The lower-right inset shows
the spatial-resolved Mz throughout the sweep. (b) Probing the nearest- and next-nearest-neighbor spin correlations. (c)(d)
Evolution of spin correlations C(d = 1) and C′(d = 2) during the sweeping. The solid curves are the numerical calculations of
our 70-site spin chain, according to the ramp curve in (a). The dashed lines represent the classical bounds.
their relative phase. Along the y-axis, a deep short-lattice
isolates the system into copies of 1D chains. To initialize
the Ne´el order, a spin-dependent superlattice is applied
to split the degeneracy of the hyperfine-transition fre-
quencies between odd and even sites [19]. Then all the
atoms resided on odd sites are flipped to |↑〉. Conse-
quently, 36 copies of 70-site 1D chains are prepared in
the Ne´el order |↑↓↑↓ · · ·〉 with an entropy per particle of
S/N = 0.08(1), acting as the ground state of the spin
model at δs → −∞.
We engineer the spin-dependent superlattice potential
to implement the many-body spin model. To enable the
inter-well coupling [6, 7, 14], the most pronouncing stag-
gered potential emerges at θ = pi/4. However, such su-
perlattice structure gives insignificant spin-dependent ef-
fect. To ensure both sufficient values of δ0 and δs, we
set the phase to θ = pi/3 and turn on the spin-dependent
effect. To compensate the discrepancy between the su-
perexchange couplings in these two types of links, we
employ the gravity to project a linear potential on the
1D chain. Furthermore, the Hubbard parameters t1,2, U
are mainly controlled by tuning the depths of lattices.
We investigate the spin relaxations by quenching the
system to activate the Heisenberg model at δs = 0. The
Mz is measured by utilizing the same sub-wavelength
addressing technique, whereafter the atomic densities
nA,B of the spin components are recorded on two im-
ages A and B, see Fig. 2b. Thereby, the local av-
eraged staggered magnetization is expressed as, Mz =
(nA − nB)/ [2(nA + nB)]. Figure 2c shows a universal
scaling behavior of the spin dynamics with J ranging
from 3.6(1) Hz to 26.0(5) Hz. Rather than a barely in-
coherent decay, a coherent oscillation of spin evolution is
clearly observed in this many-body system. We perform
the time-adaptive density matrix renormalization group
(t-DMRG) method to calculate the dynamics of this 70-
site spin chain. Our results agree excellently with the
theoretical predictions, indicating a faithful realization
of the many-body antiferromagentic model.
The antiferromagnet is approached by slowly ramping
δs with respect to J , whose ratio δs/J determines the adi-
abaticity. Here, we experimentally optimize the adiabatic
passage based on the state coherence in terms of Mz. The
ramp begins with a large negative ratio δs/J = −73(2),
see Fig. 3a. As we gradually reduce δs and ramp down
Vs to enhance the coupling J , the staggered magnetiza-
tion vanishes at 60 ms, suggesting the establishment of
the Heisenberg antiferromagnet. In another 60 ms, the
potentials are changed oppositely, where a revival of the
Mz is observed. Figure 3a shows our numerical calcula-
tion of the spin model, where the nonadiabaticity during
the sweep leads to the final reduction of Mz. In addi-
tion, the discrepancy between our measurements and the
calculation around 30 ms is caused by the motional ex-
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FIG. 4: Rotational symmetry and state coherence. (a) After
applying spin rotations, we measure the nearest-neighbor spin
correlation of the antiferromagnet (red) and the initial Ne´el-
ordered state (blue). The solid curves are cosine fittings on
the experimental results. (b) The red and orange circles de-
scribe the decoherence of the antiferromagnet in a staggered
lattice and a normal lattice. Their spin-exchange strengths
are 26.0(5) Hz and 27.3(5) Hz, respectively. The solid curves
are exponential-decay fittings of the corresponding measure-
ments.
citations in the Hubbard model (see Supplementary ma-
terial). Meanwhile, the intrinsic heating arising from the
laser scattering also contributes to the reduction of the
state coherence.
The state is quantified by measuring its nearest- and
next-nearest-neighbor spin correlations. The correlation
function is expressed as, C(d) = 4/N
∑
j〈Sˆzj Sˆzj+d〉 −
〈Sˆzj 〉〈Sˆzj+d〉, where d is the distance between lattice sites.
Here, we probe spin correlations by first manipulating
atomic states in the superlattice, and then detecting dou-
ble occupations with a photoassociation process [14]. The
procedure for extracting C(1) is sketched as (i)-(ii) in
Fig. 3b. (i) The spin component |↑〉 is removed from the
lattice confinement. (ii) We combine the atoms on the
neighboring sites with the superlattice. The doublons
are then removed by a photoassociation laser. There-
fore, the probability of the spin states |↓↓〉 equals to the
atom-loss in this stage. The other spin states can be de-
tected by rotating them to |↓↓〉 before the step (i). Thus,
C(1) = P|↑↑〉 + P|↓↓〉 − P|↑↓〉 − P|↓↑〉 + 4M2z . Figure 3c
shows the establishment of this spin correlation, which
achieves the largest value C(1) = −0.44(3) at 60 ms.
Similarly, Figure 3b shows the procedure for probing
the next-nearest-neighbor correlation. In (i), we remove
the atoms resided on the even sites and all the spin |↑〉
atoms on the odd sites. (ii) The atoms are split in
one superlattice configuration with θ = 0, where they
have the same probability to enter each side. (iii) We
combine the atoms with the double-well superlattice at
θ = pi/2. The atom correlation is also measured by count-
ing the photoassociation-induced particle loss. Actually,
this probing method can only detect the correlation be-
tween identical spins in the next-nearest-neighbor sites,
defined as C ′(2) = P|↑0↑〉+P|↓0↓〉. Figure 3d shows C ′(2)
during the spin dynamics, where the state probabilities
are corrected by incorporating the effects of motional ex-
citations. At 60 ms, the correlation C ′(2) = 0.56(6) is
above the classical bound 0.5. Here, as the staggered
magnetization vanishes, the spin correlations indicate the
existence of entanglement among the spin chain.
Our 1D system can be described by the Tomonaga-
Luttinger liquid, whose correlation exhibits a power-law
decay versus the distance d [21, 22]. Comparing the mea-
sured C(1) with a finite-temperature quantum Monte
Carlo calculation of Heisenberg chain, we can infer an ef-
fective entropy per particle of S/N = 0.42(5) and a tem-
perature of kBT = 0.53(7)J (kB is the Boltzmann con-
stant). Unlike the staggered magnetization, the discrep-
ancy between the measurements and the theory mainly
locates around 60 ms, which we attribute to the heating
and the particle-hole excitations in the Hubbard model.
We observe spin rotational symmetry of the antiferro-
magnetic state by measuring the spin correlation after
spin rotations. With a Rabi pulse applied on this state,
all spins are rotated around x-axis by an angle φ ∈ [0, pi].
To reveal this rotational symmetry, we extract a simple
form of the spin correlation, as −4〈Sˆzj Sˆzj+1〉. Figure 4a
shows that this correlation function maintains constant
for the antiferromagnet. For comparison, the initial Ne´el-
ordered state is also measured following the same pro-
cedure. While in the absence of entanglement between
neighboring spins, it behaves like a single spin under ro-
tations. The spin-rotational invariance of our state is
consistent with the SU(2) symmetry of the Hamiltonian.
The robustness of the antiferromagnet is measured by
holding the atoms in the strong coupling regime. Fig-
ure 4b shows the slow decay of C(1), whose lifetime
183(13) ms is 4.8(4) times of the exchange period h/J .
In such staggered potential, the particle-hole excitations
are suppressed [23], and thus spin excitations dominate
the decoherence process. This further explains the strong
correlations of the state prepared through the adiabatic
sweeping. For comparison, we also monitor the damp-
ing under the ferromagnetic spin-exchange coupling in
the single-frequency lattice. As shown in Figure 4b, the
nearest-neighbor correlation decays much faster and the
lifetime 39(4) ms equals to 1.1(1)h/J and 3.0(3)h/t. In
the absence of staggered potential as δ0 = 0, the dy-
5namics of the system is governed by the bosonic t − J
model [3], where the free propagation of the particle-
hole excitations makes the antiferromagnet melt rapidly.
Therefore, our staggered potential represents a powerful
tool for preserving many-body spin coherence, including
two- and three-dimensional Hubbard systems or even the
highest-energy state of spin models [17]. In a doped anti-
ferromagnet, by controlling this staggered potential, we
can transform the Heisenberg spin model to a t−J model
and activate the interplay between spin and motional de-
grees of freedom for investigating the out-of-equilibrium
spin dynamics.
In summary, we have demonstrated the creation of a
Heisenberg antiferromagnet with ultracold bosons in op-
tical lattices. Our adiabatic passage circumvents the dif-
ficulties of directly cooling the atoms in the gapless phase.
Our method can be used not only for preparing many-
body phases, but also for generating multipartite entan-
glement aiming for quantum metrology [24] and quantum
computation [14]. In the near future, interesting top-
ics include studying the competition between spin and
charge excitations during the build-up of the antiferro-
magnet [25, 26] and cooling the spin degrees of freedom
[14]. Based on the low entropy achieved in such a large
system, we can investigate the transport properties of the
spin or charge excitations in the long-wavelength limit
[21, 27–30]. Furthermore, our method could be extended
to higher-dimensional systems, to explore the resonating
valence-bond states [31] and also topological phases sta-
bilized by the multi-body interactions [32].
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METHODS AND SUPPLEMENTARY MATERIALS
Experimental system
Our experiment begins with a nearly pure Bose-
Einstein condensate of 87Rb staying on the hyperfine
state of 5S1/2 |F = 1,mF = −1〉. Then, we compress the
atoms along the z−axis by increasing the confinement,
followed by which atoms are loaded into a single node
of a 3-µm spacing blue-detuned lattice. Thus, we cre-
ate a quasi-2D quantum gas. The confinement in the
x − y plane is provided by a red-detuned optical dipole
trap propagating along the z direction. To prepare a low-
entropy Mott insulator, we implement a newly-developed
cooling technique in optical lattices. The cooling concept
is that the entropy of these environment-isolated atoms
is transferred into contacting superfluid reservoirs, which
are removed from the system later. In our region of inter-
est (36 copies of 70-site chains), the probability of unity-
filling for the cooled Mott insulator is 0.992(1).
To initialize the Ne´el order along the x-direction, we
employ a site-selective spin addressing technique to over-
come the optical diffraction limit. The atoms in the Mott
insulator state are transferred into an spin-dependent op-
tical superlattice [19], which breaks the odd-even symme-
try of the lattice sites and thereby separates the atoms
into two subsystems. For odd and even subsystems, the
lattice potentials are controlled to split their transition
frequencies between |↓〉 and |↑〉 hyperfine levels. Apply-
ing an edited microwave pulse, we flip the atoms of odd
sites into |↑〉 with an efficiency of 0.995(3) through the
rapid adiabatic passage. For each site, the preparation
fidelity of the Ne´el state can be estimated as 0.987(3).
Therefore, in the 70-site chain, a defect-free Ne´el order is
achieved with a probability of ∼ 40%.
Staggered potentials
The superlattice naturally forms staggered potentials
for our ground-band ultracold atoms. Here, we make
use of two distinct effects of the superlattice, which are
the spin-dependent and the spin-independent potentials.
Such optical potential can be expressed as,
V (x) = Vs,σ cos
2(ksx+ θσ) +V
offset
s,σ −Vl cos2(ksx/2 + θ),
(S1)
where ks = 2pi/λs is the wave vector of the short-lattice
laser. Here, θσ is the spin-dependent phase shift of the
short-lattice, where σ denotes the two spin states. The
original trap depth of short-lattice Vs is also altered to
two spin-dependent terms Vs,σ, and V
offset
s,σ . At θσ = 0,
the superlattice is simplified to the spin-independent
form, V offsets,σ = 0. By tuning the applying voltage of
a electro-optical modulator, we can control the spin-
dependent energy with a bandwidth larger than 20 kHz
[19].
The spin-dependent energy shift can be precisely con-
trolled in our system. To calibrate the zero-energy
δs = 0, we perform a spectroscopy measurement of spin-
exchange dynamics in isolated double-wells. We prepare
the atoms in |↑, ↓〉 state and then quench the superlat-
tice to Vs = 16.8(1)Er, Vl = 10.3(1) Er and θ = 0.
Here Er = h
2/(2mλ2s) is the recoil energy with h the
Planck constant and m the atomic mass. In this bal-
anced structure, the resonating superexchange frequency
within double wells is 26.8(5) Hz. The inter-well coupling
is forbidden by the long-lattice barrier. The degeneracy
of the states |↑, ↓〉 and |↓, ↑〉 is lifted by a nonzero spin-
dependent effect. As we scan the δs and monitor the
staggered magnetization Mz, a clear spectroscopy of the
spin exchange dynamics is observed, as shown in Fig. S1.
The position of the central peak can be determined with
a precision of ∼0.4 Hz. In addition, the energy offsets of
the side peaks agree well with our calculations based on
the lattice structure.
Establishing the isotropic Heisenberg Hamiltonian
We design a special 1D superlattice along the x-
direction for realizing the isotropic antiferromagnetic
Heisenberg model. When Vl  Vs, the inter-well cou-
pling becomes comparably strong as the intra-well cou-
pling. In this 1D chain, there are two types of links
connecting the neighboring sites, which can be denoted
as odd-even (type I) and even-odd (type II) links. If
θ = pi/4, these two types of links are identical to each
other. While the spin-dependent effect will disappear in
this configuration. To enable the spin-dependent term,
we set the superlattice phase to θ = pi/3 and keep the
long-lattice at Vl = 0.44(1)Er. The tunneling strength
on the type II links t2 is roughly 10 percent larger than
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FIG. S1: Spectroscopy of spin exchange in double wells. (a) Illustration of the spin-dependent potentials. For two spin
configurations in a double well, |↓, ↑〉 and |↑, ↓〉, their energies can be well controlled by tuning the offset value δs. For instance,
at negative side, the state |↑, ↓〉 has lower energy than |↓, ↑〉. (b) Spin superexchange under different staggered magnetic
potentials. The states are initialized to |↑, ↓〉 in double wells, corresponding to the staggered magnetization of Mz = −0.5.
Then, we quench the lattice depth to allow spin exchange dynamics at the coupling strength of J = 26.8(5) Hz, holding for
20 ms. The spectroscopy shows a symmetric spin-dependent effect. The solid curve is a guide for the eyes. Error bars are
standard deviations throughout this supplementary material.
t1 on the type I links [33].
In the second-order perturbation theory, the spin ex-
change coupling along these two types of links are,
J1 = − 4t
2
1U
U2 − (δ0 −∆)2 , J2 = −
4t22U
U2 − (δ0 + ∆)2 . (S2)
Here, δ0 and ∆ represent energy offsets between neigh-
boring sites due to the spin-independent term and a
linear potential, respectively. t1 and t2 are tunnel-
ing strengths along the two types of nearest-neighbor
links. Since the lattice depths are almost the same
for the two spin states, the tunneling strengths are
considered as spin-independent. U corresponds to the
onsite-interaction for all the spin state. Here we ne-
glect the slight spin-dependence of scattering lengths
for 87Rb and adopt U↑↓ = U↑↑ = U↓↓ = U . When
U < δ0−∆ and δ0+∆, we reverse the sign of J1 and J2 to
positive, establishing an antiferromagnetic spin-exchange
coupling [6].
The difference between the spin exchange couplings J1
and J2 is compensated by the state-independent linear
potential. Since our x-axis lies at an angle of 4 degree
related to the horizontal plane, the gravity leads to this
constant 57-Hz/site gradient along the 1D chain. Conse-
quently, the discrepancy between these two types of ex-
change coupling becomes roughly 2 percent [see Figure
S2(c)], one order of magnitude lower than the case with-
out this compensation (J1 and J2 would have 20 percent
difference in the absence of the linear gradient).
In our experimental conditions, the Hubbard parame-
ters satisfy such relations t1, t2  δ0, U , as shown in Fig.
S2. This Bose-Hubbard Hamiltonian can be mapped into
a spin model as,
Hˆ =
∑
i
(J1Sˆ2i−1 ·Sˆ2i+J2Sˆ2i ·Sˆ2i+1)+δs
∑
j
(Sz2j−Sz2j+1).
(S3)
Neglecting the slight difference between J1 and J2, we
can adopt an isotropic Heisenberg model with the spin-
exchange strength J , which is the geometric average of
J1 and J2, as J =
√
J1J2.
We can understand the model in two limits. In the
limit of δs/J → ±∞, the two type Ne´el orders are the
ground states, which are product states. We should stress
that even though atoms tend to occupy the low-energy
site of the staggered potential in the ground state of the
one-dimensional Hubbard model, the atoms cannot over-
come the staggered potential via tunneling in our state-
preparation time and the system can be faithfully de-
scribed by the spin model. In another limit, δs/J = 0,
unlike the Ising-type spin model, this Heisenberg model
owns a single energetic ground state |ψAF〉. The SU(2)
symmetry of this isotropic Hamiltonian leads to the same
rotational symmetry of the ground state.
Adiabatic passage
Starting from the initial Ne´el-ordered state |ψ0〉 =
|↑↓↑↓ · · · 〉, we experimentally optimize the ramping
curves to minimize the non-adiabaticity to approach the
Heisenberg antiferromagnet |ψAF〉. The y−lattice with
42.0(3) Er isolates the system into 36 copies of 70-sites
1D chains. The superlattice phases are switched to
θ = pi/3 and θ|↑〉 = −2θ|↓〉 = 0.005pi before ramping
down the short-lattice potential.
Then, we slowly ramp the lattice potentials in terms of
the Hubbard parameters. At 0 ms, the staggered mag-
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FIG. S2: From Bose-Hubbard model to Heisenberg spin model. (a) The blue and black curves represent the tunneling strengths
and spin-exchange coupling, respectively. The lighter colors correspond to the type I links, representing t1 and J1. While the
darker colors correspond to the type II links , representing t2 and J2. The discrepancy between the exchange coupling strengths
has been mostly compensated by the gravity potential. (b) The blue and black curves shows the on-site interaction U and
the spin-independent staggered potential δ0 under different short lattice depths. (c) The ramping curves of the spin-exchange
strength J and the staggered magnetic potential δs in the adiabatic passage.
netic gradient is δs/h = −17.6(3) Hz, and the coupling
strength is J/h = 0.24(1) Hz. During the 60 ms ramp-
ing, we separate the curve into two stages with 30 ms
interval, as shown in Fig. S2(c). The exchange coupling
is turned on gradually, and simultaneously the staggered
gradient is also increased. At 60 ms, δs is slightly larger
than 0, but the zero value of the staggered magnetization
Mz = 0.00(2) indicates the achievement of a Heisenberg
antiferromagnet. In another 60 ms, we verify the coher-
ence of the system by slowly ramping back the lattice
potentials and increasing δs oppositely. To detect the
property of the state at each time, we freeze the state by
quenching the lattice barrier to disable the atom dynam-
ics.
Nearest-neighbor spin correlation
The in situ atomic densities are detected via an ab-
sorption imaging with the optical resolution of ∼1 µm.
Even though it is one kind of destructive imaging tech-
niques, we can take two successive images for recording
both the spin states, the first image for |↑〉 and the second
image |↓〉. We choose a region of interest (ROI) contain-
ing 36 copies of 70-site 1D chains in the center of the
atom cloud for the statistical analysis.
The nearest-neighbor correlation function is defined as
C(d = 1) =
4
N
∑
j
(〈
Sˆzj Sˆ
z
j+1
〉
−
〈
Sˆzj
〉〈
Sˆzj+1
〉)
, (S4)
where N represents the number of sites. In our
spin-balanced system, the second term in the sum is
equal to the square of the staggered magnetization, as
−1/N∑j〈Sˆzj 〉〈Sˆzj+1〉 = M2z . For obtaining the first term
in the sum, we perform correlated measurements on these
two type of links respectively, as
Type I :
− 4
N
∑
j
〈Sˆz2j−1Sˆz2j〉 =
1
2
(
P I|↑,↓〉 + P
I
|↓,↑〉 − P I|↑,↑〉 − P I|↓,↓〉
)
,
Type II :
− 4
N
∑
j
〈Sˆz2jSˆz2j+1〉 =
1
2
(
P II|↑,↓〉 + P
II
|↓,↑〉 − P II|↑,↑〉 − P II|↓,↓〉
)
.
(S5)
Here, P I(II) represent the probabilities of spin states on
the corresponding links. Making use of the superlattice,
we can combine the atoms on neighboring sites into a
single lattice well. Depending on the atom number on
the combined site, we can derive the desired probabilities.
These two types of links are measured at two kinds of
superlattice configurations, one has θ = 0 and the other
has θ = pi/2.
Not limited by our optical resolution, we probe the
parity of atom number on lattice sites with a photoasso-
ciation (PA) laser. The laser is red-detuned to the D2
line of 87Rb by 13.6 cm−1. Assisted by this laser, atom
pairs in hyperfine state |↓〉 can be excited to the ν = 17
vibrational state of the 0−g long-range molecular chan-
nel [34]. This unstable molecule would decay back to
free atoms and gains kinetic energy to escape from the
trap. Therefore, the ratio of atom loss is equivalent to
the probability of the state |↓, ↓〉 before the combining
operation.
The detection scheme is illustrated in Fig. S3(a),
where two sets of measurements are carried out for these
two types of links. There are several steps in the detec-
tion procedure. The main concern is removing the atoms
on |↑〉 state before applying the atom combination. The
PA light has an intensity of 0.56 W/cm
2
and lasts for 20
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FIG. S3: Detection of the nearest-neighbor spin correlation. (a) The detection scheme for the spin components on two types
of nearest-neighbor links. In step (i), all |↑〉 atoms are removed by a resonating imaging light pulse. Then in (ii), the atoms
on type I or type II links are respectively loaded into superlattice double-well units with θ = 0 and θ = pi/2. In step (iii), the
atoms within each double-well are combined and doublons in the long-lattice site get lost after the photoassociation collision.
Finally, in step (iv), we count the remaining atoms and deduce the probabilities of the state |↓, ↓〉. (b) The upper graph shows
the state probabilities on type I links corresponding to the tunneling strength t1, and for type II links the results are depicted
in the lower graph. In these two graphs, the red circles, the blue squares, the green triangles and the yellow inverted triangles
represents the probabilities of |↑, ↓〉 , |↓, ↑〉 , |↑, ↑〉 and |↓, ↓〉, respectively. The solid curves are numerical caculations of a 70-site
spin chain.
ms. In this way, we obtain the probabilities of P I|↓,↓〉 and
P II|↓,↓〉, as shown in Fig. S3(b).
For the other three spin-states |↑, ↑〉 , |↑, ↓〉 , |↓, ↑〉, we
employ the site-selective spin addressing technique to
transfer them into the |↓, ↓〉 state before implementing
the detection procedures [19]. For instance, we flip all of
the atoms on odd sites for probing the probabilities P I|↑,↓〉
and P II|↓,↑〉. The probabilities of these four states allow us
to calculate the spin correlations C(d = 1). However,
all of the measurement errors would propagate into the
final spin correlations. We use the basic normalization
condition P|↑〉 + P|↓〉 = 1 to reduce the errors by only
taking the residual atoms in the last step of Fig. S3(a)
into calculations.
In Fig. S3(b), the probabilities of the four spin state
for type I and type II nearest-neighbor links are depicted.
The deviation from the numerical calculations can be
caused by the motional excitations in Hubbard model
and the lattice heating during the adiabatic passage. Be-
sides, after steps of superlattice manipulation in the de-
tection method, the accumulative inefficiency of the de-
tection also contributes to the reduction of the measured
spin-state probabilities,
Motional excitations
Besides spin excitations in the state evolution, we also
measure the ratios of motional excitations in these lattice
sites, which are absent in the spin model. In the Hub-
bard model, one particle-hole excitation emerges when
an atom tunnels to its neighboring site.
The particle-hole excitations with doublons |↓↓〉 are
detected by the same parity-projection technique mak-
ing use of the PA laser. After a global spin-flip, we can
also acquire the doublons on the state |↑↑〉. The particle
excitations on the state |↑↑〉 and |↓↓〉 generated in the
adiabatic passage are rare, since the atoms need to tun-
nel to its next-nearest neighboring sites. Fig. S4 shows
that the total ratio of these excitations keeps constant at
0.01(1) in the state evolution.
However, the more probable particle-hole excitations
result in the |↑↓〉 state, owing to the tunnelling of atoms
to their neighboring sites. From the normalization con-
dition, the ratio of these excitations can be inferred as
1−∑µ,ν P|µ,ν〉, with µ, ν = ↑, ↓. As depicted in Fig. S4,
the ratio of these doublons excitations grows gradually
during the 120 ms state evolution, which is 0.04(3) for
our Heisenberg antiferromagnet. The propagation of ex-
citations is strongly suppressed by the spin-independent
staggered offset δ0. Besides, the linear potential also sup-
press the long-range motional transport [35].
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FIG. S4: Motional excitations during the adiabatic passage. The blue (red) circles represent the ratios of the doublon excitations
with identical (opposite) spin components. The solid curves are linear fits to the experimental data.
Next-nearest-neighboring spin correlation
According to the Mermin-Wagner-Hohenberg theorem
[36], the one-dimensional isotropic Heisenberg Hamilto-
nian cannot support a long-range spin order [37]. As the
distance grows, the magnetic correlation decays rapidly
in the 1D Heisenberg antiferromagnet. So the occurrence
of nonzero next-nearest-neighbor spin correlation would
be a distinctive signature of approaching a low-entropy
antiferromagnet.
However, without the single-site imaging, the super-
lattice structure normally only provides the access to
the nearest-neighbor spin correlation because of its Z2
symmetry [38, 39]. Here, owing to our precise control
of the superlattice phase, we can extend the capabil-
ity of the correlated spin measurement to next-nearest-
neighbor links.
Figure S5(a) shows the procedure to detect the prob-
ability of spin state |↓; ↓〉 along next-nearest-neighboring
links, implemented on odd sites and even sites separately.
After a selective atom removal, the superlattice serves as
an array of atomic splitters to redistribute the remaining
atoms into their adjacent sites with equal probabilities.
Subsequently, changing the superlattice phase θ by pi/2,
we can transfer the |↓〉 atoms originally lying two sites
apart to the same long-lattice unit in a probabilistic way.
The atom loss in a PA collision can be used to deduce the
probability of spin state |↓; ↓〉. Similarly, the |↑; ↑〉 state
on next-nearest-neighbor sites can be detected with an
additional global spin-flip pulse before the step (i).
We define a next-nearest-neighbor correlator as,
C ′(d = 2) = P|↑;↑〉 + P|↓;↓〉, (S6)
Here P|↑;↑〉 and P|↓;↓〉 represent the probabilities of spin
state |↑; ↑〉 and |↓; ↓〉 along next-nearest-neighbor links,
which equal to four times the corresponding atom den-
sity loss in the photoassociation collision. For obtaining
accurate probabilities, we subtract the contribution of
the motional excitations in the PA collision.
Figure S5(b) shows the evolution of the probabilities
P|↑;↑〉 and P|↓;↓〉 for odd sites and even sites separately.
Since only a quarter of atoms contribute to the signal, the
probabilities measured here have significantly larger er-
rors compared to their counterparts on nearest-neighbor
links.
Numerical simulation
The numerical data for the post-quench dynamics and
the adiabatic passage of the Heisenberg models are ob-
tained using the the t-DMRG algorithm in the framework
of matrix product states. In the numerical simulations,
we neglect the slight difference between the two types of
nearest-neighbor links and adopt the geometric average
J =
√
J1J2 as the spin-exchange strength throughout
the chain. For the implementation, we use the Open-
MPS library [40] and fix the maximal bond dimension
to D = 1500. Convergence are achieved at a time step
of 3 × 10−4 s and 10−2 h/J for the adiabatic passage
and the quench dynamics, respectively, with truncation
threshold of 10−6 per time step. Finite-size effects are
also investigated for several chain lengths. As show in
Fig. S6, the results for system size from L = 40 to 70
reveal similar post-quench dynamics, and converge with
our experimental results in statistical errors.
For estimating the temperature and the entropy of our
state, we numerical calculate the Heisenberg model us-
ing a finite-temperature quantum Monte Carlo method
(QMC) [41]. All the simulations are carried out in the
grand-canonical ensemble on open chains of size with
N = 70, which is checked to be large enough to elim-
inate the finite-size effect. After 105 times of thermal-
ization, we continue to perform the QMC sweeps for at
least 5 × 106 times to get the results under each set-
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FIG. S5: Detection of next-nearest-neighbor spin correlation. (a) The detection scheme for resolving the probabilities of state
|↓; ↓〉 on two types of links. For probing the correlations on odd (even) sites, in step (i), we remove all the |↑〉 atoms as well as
the atoms residing on even (odd) sites. In step (ii), the remaining atoms are transferred into the long-lattice potential. Then
in step (iii), the atoms are split into adjacent short-lattice sites with equal possibilities. Finally, in step (iv), we combine the
atoms and count the loss rate of doublons by removing them in the long-lattice potential. (b) Probabilities of the states |↑; ↑〉
and |↓; ↓〉. The upper and lower graph show the evolution of spin components for neighboring odd and even sites, respectively.
The blue circles represent the probabilities of state |↑; ↑〉, and the red circles correspond to the state |↓; ↓〉. The solid curves
are the numerical calculations of a 70-site spin chain.
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FIG. S6: Numerical calculations of the Heisenberg spin chains. (a) spin relaxation dynamics after quenching the Ne´el order to
the Heisenberg spin model. (b)(c) and (d) are respectively the numerical results of the evolution of Mz, C(d = 1) and C
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70). The finite-size convergence is well below our detection errors.
ting. We choose the temperature kBT/J from 0.2 to 0.8 with a 0.03 interval. From the nearest-neighbor cor-
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FIG. S7: A 70-site Heisenberg spin chain is simulated with the finite-temperature Monte Carlo method. The nearest-neighbor
spin correlation C(d = 1) and the entropy per particle versus temperatures are depicted in (a) and (b), respectively. The
red circles represent the case of our prepared antiferromagnet. (c) Probabilities of the spin states in the nearest-neighbor and
next-nearest-neighbor links. The circles represent the measured probabilities of spin components, while the blue bars are the
theoretical predictions of a thermalized Heisenberg antiferromagnet at C(d = 1) = −0.44.
relation of interest [C(d = 1) = −0.44(3)], we derive
the temperature of our system to be 0.53(7)J , see Fig.
S7(a). The entropy per particle is obtained using another
QMC method, which is called quantum Wang-Landau al-
gorithm [42]. The cutoff of series expansion is set to be
1000. As shown in Fig. S7(b), the entropy per particle
is 0.42(5)kB , which is deduced from the temperature of
the spin chains.
Based on the comparison between the measured prob-
abilities of the spin state and the prediction of the ther-
malized state, our system is inferred to be a thermalized
state, see Fig. S7(c).
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